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APPENDI X A
SMALL- BOAT HARBOR MODEL TEST | NVENTORY

Section Al. Physical Mdel Investigations Conducted for
Various Snall-Boat Harbor Sites (dassifications)

A-1. General. This part of Appendix A lists snall-boat harbors for which
physi cal nodel investigations were conducted at WES. These sites are grouped
into the various harbor classifications (see paragraph 3-23 in main text) and
further divided by the nature of the problens studied.

A-2.  Open Coast Harbors Built Seaward/Lakeward fromthe Shoreline and Pro-
tected by Breakwaters. Subparagraphs a-e bel ow show the nature of specific
probl ens for which nodel investigations have been conducted for this class har-
bor site. Under each of these subparagraphs, a list of specific harbor sites
studied is shown.

a. Wave Action Studies (Short-Period Wave Protection).

(1) Cceanside Harbor, California (Curren and Chat ham 1980)*

(2) Port Washington Harbor, Wsconsin (Bottin 1976, 1977) (Fortson et al.
1951)

(3) Jubail Harbor, Saudi Arabia (G les and Chatham 1976)

(4) Wi anae Harbor, Hawaii (Bottin, Chatham and Carver 1976)
(5) Agana Harbor, Guam (Chatham 1975)

(6) Port Oford, Oegon (Gles and Chatham 1974)

(7) Tau Harbor, Anerican Sanpa (Crosby 1974)

(8) Crescent City Harbor, California (Senter 1971) (Senter and Brasfeild
1968)

(9) Port San Luis, California (Chatham and Brasfeild 1969)
(10) Monterey Harbor, California (Chatham 1968) (Fortson et al. 1949)
(11) Kawai hae Harbor, Hawaii (Brasfeild and Chatham 1967)

(12) Magic Island Conplex, Hawaii (Brasfeild and Chatham 1967)

* See Bibliography (Appendix B).
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(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)

(21)

Santa Barbara Harbor, California (Brasfeild and Ball 1967)
Dana Point Harbor, California (WIson 1966)

Hal f - Moon Bay Harbor, California (WIson 1965)

Conneaut Harbor, Chio (Hudson and W/ son 1963)

Lorain Harbor, Chio (WIson, Hudson, and Housley 1963)

Bar cel ona Harbor, New York (Jackson, Hudson, and Housl ey 1959)
East Beaver Bay Harbor, M nnesota (Fortson et al. 1949)
Gswego Harbor, New York (Fortson et al. 1949)

Anahei m Bay, California (Brown, Hudson, and Jackson 1948)

Shoaling Studies (Shoaling Protection).

Cceansi de Harbor, California (Curren and Chatham 1980)
Wai anae Harbor, Hawaii (Bottin, Chatham and Carver 1976)
Port Oford, Oregon (G les and Chatham 1974)

Wave- I nduced GCirculation/Current Studies.

Port Washington, Wsconsin (Bottin 1977)

Agana Harbor, Guam (Chatham 1975)

Tau Harbor, American Sampa (Crosby 1974)

Kawai hae Harbor, Hawaii (Brasfeild and Chatham 1967)

Magi ¢ |sland Conplex, Hawaii (Brasfeild and Chatham 1967)
Mont erey Harbor, California (Chatham 1968)

Lorain Harbor, Chio (WIson, Hudson, and Housley 1963)

Long- Period Harbor Gscillation Studies.

Monterey Harbor, California (Chatham 1968) (Fortson et al. 1949)

Anahei m Bay, California (Brown, Hudson, and Jackson 1948)
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e. Standing Waves (Short-Period Generated).

(1) Port Washington Harbor, Wsconsin (Bottin 1976, 1977)

A-3.  Harbors Build Inland with an Entrance Through the Shoreline. Subpara-
graphs a-e below, give the nature of various problems for which nodel investi-
gations have been conducted for this class harbor site. These subparagraphs
are further divided to list the specific harbor sites studied.

a. Wave Action Studies (Short-Period Wave Protection).

(1) Geneva-on-the-Lake Harbor, Chio (Bottin 1982)
(2) Little Lake Harbor, M chigan (Seabergh and M Coy 1982)

(3) Mssion Bay Harbor, California (Curren 1983) (Ball and Brasfeild
1969)

(4) Kewal o Basin, Hawaii (G les 1975)

(5) Ludington Harbor, Mchigan (Crosby and Chat ham 1975)
(6) Hamlin Beach, New York (Brasfeild 1973)

(7) In-Shore Harbor, Site X, South China Sea (WIson 1966)
(8) Marina Del Rey, California (Brasfeild 1965)

(9) Grand Marais Harbor, M nnesota (Fenwi ck 1944)(Schroeder and Easterly
1941)

h. Shoaling Studies (Shoaling Protection).

(1) Geneva-on-the-Lake, Chio (Bottin 1982)
(2) Little Lake Harbor, M chigan (Seabergh and M:Coy 1982)
(3) Mssion Bay Harbor, California (Curren 1982)

¢c. Wave-Induced Circulation/Current Studies.

(1) Geneva-on-the-Lake, Chio (Bottin 1982)
(2) Little Lake Harbor, M chigan (Seabergh and MCoy 1982)

(3) Mssion Bay Harbor, California (Curren 1982)
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(4) Kewalo Basin, Hawaii (G 1les 1975)
(5) Ludington Harbor, Mchigan (Crosby and Chatham 1975)

d. Long-Period Harbor Gscillation Studies.

(1) Mssion Bay Harbor, California (Ball and Brasfeild 1969) (Curren 1982)
(2) Port Huenerme, California (Crosby, Durham and Chatham 1975)

e. Seiche Studies.

(1) Little Lake Harbor, M chigan (Seabergh and MCoy 1982)

A-4.  Harbors Built Inside a River/Stream Muth. Subpar agraphs a-e bel ow
depi ct the nature of various problens for which nodel tests have been con-
ducted for this class harbor site. Further division of these subparagraphs
lists specific harbor sites studied.

a. \Wave Action Studies (Short-Period \Wave Protection).

(1) Rogue River, Oregon (Bottin 1982)

(2) Port Ontario Harbor, New York (Bottin 1977)

(3) Cattaraugus Creek Harbor, New York (Bottin and Chatham 1975)
(4) Chagrin River, Ohio (Chatham 1970)

(5) Vernmilion Harbor, Ohio (Brasfeild 1970)

(6) New Buffalo Harbor, Mchigan (Dai and WIson 1967)

(7) Noyo Harbor, California (WIlson 1967)

h. Shoaling Studies (Shoaling Protection).

(1) Rogue River, Oegon (Bottin 1982)

(2) Siuslaw River, Oegon (Bottin 1981)

(3) Port Ontario Harbor, New York (Bottin 1977)

(4) Cattaraugus Creek Harbor, New York (Bottin and Chatham 1975)

¢c. Wave-Induced Circulation/Current Studies.

(1) Rogue River, Oegon (Bottin 1982)
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(2) Port Ontario Harbor, New York (Bottin 1977)
(3) Cattaraugus Creek Harbor, New York (Bottin and Chatham 1975)
(4) Chagrin River, Chio (Chatham 1970)

d. Ri verfl ow Fl ood Control Studies.

(1) Rogue River, Oegon (Bottin 1982)

(2) Port Ontario Harbor, New York (Bottin 1977)

(3) Cattaraugus Creek Harbor, New York (Bottin and Chatham 1975)
(4) Chagrin River, Chio (Chatham 1970)

e. lce-jammng Studies.

(1) Cattaraugus Creek Harbor, New York (Bottin and Chatham 1975)

A-5. Entrance/lnlet Studies. Physical nodel investigations conducted for
this class of harbor site deal primarily with navigation at the entrance to
the inlet. Subparagraphs a-f below, show the nature of specific problenms for
whi ch nmodel investigations have been conducted for this class of harbor site.
These subparagraphs are further divided to depict specific harbor sites

st udi ed.

a. Wave Action Studies (Short-Period Waves in Entrance).

(1) Oregon Inlet, North Carolina (Seabergh, Hollyfield, and MCoy
1983)

(2) Newburyport Harbor, Mssachusetts (Curren and Chatham 1979)
(3) Murrells Inlet, South Carolina (Perry, Seabergh, and Lane 1978)
(4) Wells Harbor, Mine (Bottin 1978)

(5) Little River Inlet, South Carolina (Seabergh and Lane 1977)

(6) Masonboro Inlet, North Carolina (Seabergh 1976)

(7) Barnegat Inlet, New Jersey (Sager and Hollyfield 1974)

(8) Nassau Harbor, Bahamas (Brasfeild 1965)
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h. Shoaling Studies (Entrance Shoaling Protection).

(1) Oegon Inlet, North Carolina (Seabergh, Hollyfield, and
McCoy 1982)

(2) Newburyport Harbor, Mssachusetts (Curren and Chatham 1979)
(3) Little River Inlet, South Carolina (Seabergh and Lane 1977)
(4) Masonboro Inlet, North Carolina (Seabergh 1976)

(5) Barnegat Inlet, New Jersey (Sager and Hollyfield 1974)

¢c. Wave-Induced Circulation/Current Studies.

(1) Newburyport Harbor, Mssachusetts (Curren and Chatham 1979)
(2) Wells Harbor, Mine (Bottin 1978)

d. Tidal Circulation/Flood and Ebb Currents.

(1) Oegon Inlet, North Carolina (Seabergh, Hollyfield, and
McCoy 1982)

(2) Newburyport Harbor, Massachusetts (Curren and Chat ham 1979)

(3) Murrells Inlet, South Carolina (Perry, Seabergh, and Lane 1978)
(4) Wells Harbor, Mine (Bottin 1978)

(5) Little River Inlet, South Carolina (Seabergh and Lane 1977)

(6) Masonboro Inlet, North Carolina (Seabergh 1976)

(7) Barnegat Inlet, New Jersey (Sager and Hollyfield 1974)

(8) Nassau Harbor, Bahamas (Brasfeild 1965)

e. Tidal Elevation Studies (Water-Surface).

(1) Oregon Inlet, North Carolina (Seabergh, Hollyfield, and MCoy 1982)
(2) Murrells Inlet, South Carolina (Perry, Seabergh, and Lane 1978)

(3) Little River Inlet, South Carolina (Seabergh and Lane 1977)

(4) Masonboro Inlet, North Carolina (Seabergh 1976)

(5) Barnegat Inlet, New Jersey (Sager and Hol | yfield 1974)
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f. Salinity Studies.
(1) Little River Inlet, South Carolina (Seabergh and Lane 1977)
Section All. Hydraulic Mdel Investigations Conducted
for Various Sites (Case Histories)
A-6. CGeneral. This section of Appendix A discusses typical small-boat harbors

in each harbor classification. Physical npdel investigations were conducted

to determne solutions for various problems for these harbors which are | ocated
on the various ocean coasts and/or the Geat Lakes. The sites discussed for
each harbor classification are as follows:

a. Open coast harbors built seaward/|akeward from the shoreline and pro-
tected by breakwaters.

(1) Dana Point Harbor, California (WIson 1966)

(2) Port Washington Harbor, Wsconsin (Bottin 1976, 1977)

h. Harbors built inland with an entrance through the shoreline.

(1) Mssion Bay Harbor, California (Curren 1982)

(2) Little Lake Harbor, M chigan (Seabergh and MCoy 1982)

¢c. Harbors built inside a river/stream nouth.

(1) Rogue River Harbor, Oregon (Bottin 1982)

(2) Cattaraugus Creek Harbor, New York (Bottin and Chatham 1975)

d. Entrance/inlet studies.

(1) Newburyport Harbor, Massachusetts (Curren and Chatham 1979)

(2) Murrells Inlet, South Carolina (Perry, Seabergh, and Lane 1978)
A-7. (Qpen Coast Harbors Built Seaward/Lakeward fromthe Shoreline and Pro-
tected by Breakwaters. Numerous small-craft harbors of this type are con-
structed along the ocean coasts and Geat Lakes' shorelines. Dana Point Har-
bor, California, located on the Pacific Coast, and Port Washi ngton Harbor,

Wsconsin, situated on the western shore of Lake M chigan, were selected as
representative harbors under this classification and are discussed bel ow.

a. Dana Point Harbor, Dana Point, California (WIlson 1966).

(1) The Prototype. At the time of the hydraulic nodel investigation,
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Dana Point, California, was the proposed site for a snall-boat harbor, |ocated
in Orange County on the Southern California coast about 40 m|es southeast of
the Los Angel es-Long Beach harbors (Figure A l). The proposed harbor site was
in a sheltered cove in the |lee of the Dana Point pronontory. Dana Cove is a
very scenic area, and the existing pier and beach attract many sport fishernen,
sun bathers, and surfers. The proposed snall-boat harbor at Dana Point was
one of a chain of small-craft harbors to be constructed along the California
coast under the program of Federal and l|ocal governnent cosponsorship of small-
craft harbors and harbors of refuge. After ultimte devel opment, the enclosed
harbor would enclose an area of about 210 acres. Wthin this area, facilities
woul d acconpdate the berthing and servicing of about 2,150 snall boats.

(2) The Problem Dana Cove is protected fromnorthwest, north, and
northeast w ndstornms by comparatively high bluffs along the shoreline. The
Santa Catalina and San Clenente |slands al so provide sonme protection from
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Figure A-I. Project location, Dana Point, California.
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storm waves from the west to southwest directions. The cove, however, is ex-
posed to stormwaves fromdirections ranging counterclockw se between sout h-
west and sout h-sout heast and to ocean swells fromthe south. Waves breaking
on the Dana Point shoreline normally range fromabout two to four feet. How
ever, waves ranging fromabout six to ten feet are not uncommon and may occur
during any season of the year. Over a 65-year period of record, waves reach-
ing Dana Cove attained a significant height of 16 feet twice and a significant
hei ght of 26 feet once.

(3) The Model and Test Conditions. A physical nodel investigation was
conducted to evaluate the adequacy of design of the proposed plan of harbor
devel opnent to ensure that optinum navigability, maneuverability, and wave pro-
tection were provided for pleasure craft during stormwave attack, all at mni-
mum cost. The Dana Point Harbor nodel (Figure A-2) was constructed to an un-
distorted linear scale of 1:100, nodel to prototype. Mdel test waves wth
periods ranging from5 to 18 seconds and heights ranging from7 to 16 feet are
shown in Table A-l. A still-water level of +6.0 feet m|w [mean higher high
water (+5.3 feet) plus a wind tide of 0.7 foot] also was used during node
testing.
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Figure A-2. Mdel layout, Dana Point Harbor.
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TABLE A-1

Test Waves Used in the Dana Point Harbor Model
(USAED, LA 1961) (Marine Advisors 1960, 1961)

Deepwat er Sel ected Test \Waves
Di rection Period (sec) Hei ght (ft)*
N 80° W 13 9
st 9 7, 11
18 7
S 70° w 10 7, 11
S 65° W 7 9
S 60° W 15 7
S 45° W 9 9
12 6, 14
S 25° W 12 7, 14
14 16
18 7
S 5° W 7 11
Sout h 11 7, 14
S 10° E 18 7
S 12° E 9 7, 13
S22 1/2° E 5 7
11 7, 14
S 30° E 7 10
S 40° E 9 7, 11

*Wave hei ghts shown are shal |l owwater values (adjusted as a result of
refraction-shoaling analysis).
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(4) Tests and Results.

(a) Existing Conditions. Prior to tests of the various inprovenent
plans, wave height tests were conducted to determne the general wave condi-
tions in the area proposed for the harbor. Results of these tests indicated
very rough and turbulent conditions in the area of the proposed harbor. \ave
hei ghts adjacent to an existing pier well within the proposed harbor were
al nost seven feet

(b) Inprovenent Plans. Wave height tests were conducted for 13 variations
in the design elenents of the basic inprovenent plan. Variations consisted of
changes in the breakwater cross-sections and alignments, installation of verti-
cal piers in the harbor, and the om ssion of the west-basin berthing devel op-
ment and nole section. Initially, tests were conducted for only the first
step in the devel opnent of the proposed harbor and consisted of an aggregate
length of breakwater structure of 7,750 feet (Figure A-3). Ovbservations of

Figure A-3. \Wave patterns for the initial step of devel opnent for
the proposed harbor, Dana Point nodel

these tests reveal ed significant overtopping of the structures and test re-
sults indicated the required four-foot wave height criteria in the approach
channel of the proposed harbor was exceeded. Next, the proposed inner harbor

conplex was installed in the nodel. This consisted of east and west berthing
areas, enclosed by nole sections, and connected by a 200-foot-wde, |o-foot-
deep navigation channel. A 350-foot-w de fairway channel, a ranp area, refuge

area, and recreational facilities were also included. Based on test results
nmodi fications were nade to the breakwater crest elevations, |engths, and align-
ments until a plan was devel oped that provi ded adequate wave Erotectlon in the
fairway and approach channels, ranp area, and mooring areas (Figure A-4

Tests were conducted in the nodel to determne the effect of a vertical face
pier installed in the western sector of the harbor. This pier would be used
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Figure A-4. \Wave patterns for the reconmended inprovement plan,
Dana Poi nt nodel .

as a boat repair facility should future need arise. As a result of this nodi-
fication it was determ ned that wave action would not significantly increase
in this section of the harbor. The west-basin berthing devel opment and nole
section were renoved to determine the amount of protection that woul d be pro-
vi ded agai nst storm waves from southwest should only the east basin berthing
area be constructed in the prototype. Test results indicated that wave pro-
tection in the harbor would be adequate for this harbor configuration. Sub-
sequent to the nodel investigation, the harbor was constructed in the proto-
type at Dana Point, California (Figure A-5) in accordance with recomrendations
provided, and has functioned quite well, as evidenced by its very heavy usage.

b. Port Washington Harbor, Wsconsin (Bottin 1976, 1977).

(1) The Prototype. Port Washington, Wsconsin, is located on the west
shore of Lake M chigan, about 29 niles north of MI|waukee and 27 miles south
of Sheboygan (Figure A-6). The city, which had a popul ation of 8,700 in 1970
(USAED-C, 1974) is a trading center and the seat of Ozaukee County. 1he down-
town portions of the business and manufacturing sections have been devel oped
around the harbor. The present harbor is entirely artificial and |ocated at
the outlet of a small stream known as Sauk Creek. The harbor area conprises
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Figure A-5. Aerial photo of Dana Point Harbor, California.
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Figure A-6. Project location, Port Washington Harbor, Wsconsin.
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approxi mately 60 acres and is enclosed by a 3500-foot-Iong breakwater system
(Figure A-7). The outer harbor is naintained at a project depth of 21 feet
and the inner harbor or slip area, is naintained at a project depth of 18 feet.

(2) The Problem  Port Washington Harbor is exposed to waves generated
by storms from northeast clockwi se to south-southeast. \Waves due to storms
fromthese directions have caused considerabl e damage to harbor facilities and
recreational boats and created difficulties for ships and recreational craft
navi gating the harbor entrance. Violent wave action, caused by waves re-
flected from vertical steel sheet-pile bul kheads, has resulted in wave heights
up to 12 feet in the slip areas of the inner harbor. Anchorage in the outer
basin is not safe for small boats because of the |ack of adequate wave protec-
tion. These conditions nade the harbor unsafe as a harbor-of-refuge for smal
boats, resulting in no adequate small-boat refuge between M I waukee and
Sheboygan, a distance of 56 mles. In addition, there was a lack of ade-
quately protected permanent nooring and docking facilities to acconodate the
great demand for such facilities in the Port Washington area.

[

1 1

Figure A-7. Aerial photograph of Port Washington Harbor
prior to inprovenents.
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(3) The Mdel and Test Conditions. A physical model investigation was
conducted to evaluate the effects of proposed harbor inprovements with respect
to wave and current conditions in the harbor while nininizing construction
costs. The primary inprovement was the construction of a small-boat harbor in
the northern portion of the existing outer harbor. The Port Washington Harbor
model (Figure A-S) was constructed to an undistorted |inear scale of 1:75,
model to prototype. Mdel test waves with periods ranging from5.5 to 10.4
seconds and heights ranging from3.4 to 14.7 feet are shown in Table A-2. A
still-water level of +3.9 feet Iwd (low water datum) was sel ected for use dur-
ing nmodel testing. This value was obtained fromlake stage frequency curves
for MIwaukee and Sturgeon Bay, Wsconsin, for a |o-year recurrence interva
during the boating season (My-Cctober). A water circulating system was used
in the nodel to reproduce to scale the intake and di scharge of cooling water
from the Wsconsin Electric Power Conpany plant. |gloo wave absorber units
were installed in the nodel to deternine wave conditions in the inner harbor
These units were tested also as an alternative to rubbl e-mund breakwaters and
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Figure A-8. Mdel layout, Port Washington Harbor.
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TABLE A-2
Test Waves Used in the Port Washi ngton Harbor Model
(Resio and Vincent, Nov 1976)
Wave Deepwat er Shal | ow-Water"  Recurrence
Deepwat er Shal | owwat er* Peri od Wave Wave I nterval
Di rection Direction (sec) Hei ght (ft) Hei ght (ft) (years)
NE & ENE N76°20' E 6.0 4.7 4.3 5.1
7.7 5.0 4.2 6.9
7.7 9.2 7.7 20
10. 4** 17. 1** 14, 7** 20
East S85°50' E 5.5 4.0 3.8 0.33
7.3 6.0 5.3 6.6
7.3 10. 8 9.6 20
8. 2%* 14, 8** 12, 7** 20
ESE S68°30' E 5.5 4.0 3.8 0.33
7.3 6.0 5.5 6.6
7.3 10. 8 9.9 20
8. 2%* 14, 8** 13. 5** 20
SE S50°45' E 5.5 4.0 3.8 0.33
7.3 6.0 5.5 6.6
7.3 10. 8 9.9 20
8. 2%* 14, 8** 13. 6%* 20
SSE S37°10' E 6.0 4.4 3.7 1.6
8.3 4.0 3.4 5.3
8.3 8.0 6.9 5.4
8.3 12.1 10. 4 20
9. 4*%* 15, 7** 13. 8** 20

* Shal | ow-water values result fromrefraction-shoaling analysis.
** \Wve characteristics for the entire year. Al others for spring and summer
only.
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absorbers in the proposed small-boat harbor. A general view of the nodel is
shown in Figure A-9.

AV

e

-.l'..“

Figure A-9. General view of nodel, Port Washington Harbor.

(4) Tests and Results.

(a) Existing Conditions. Prior to tests of various inprovenent plans,
conprehensi ve tests were conducted to determ ne wave and current conditions in
the existing harbor. Test results indicated rough and turbulent conditions in
the existing harbor while under storm wave attack, Wve heights in the mooring
area of the proposed snall-boat harbor exceeded 8 feet in some instances.

Al so, maxi num wave hei ghts in excess of 20 feet were recorded at the coal
wharf; and wave heights up to 15 feet were obtained in the inner slip areas of
the existing harbor.

(b) Inprovement Plans. Wave height tests were conducted for 32 varia-
tions of the originally proposed harbor design. Variations included nodi-
fications to that portion of the existing north breakwater adjacent to the
proposed snall-boat harbor and to the proposed east and west breakwaters.

Modi fications to the north breakwater included raising the crest elevation,
installing rubble-nmound absorber plans, using the existing breakwater as a
core for a rubble-nound breakwater, and installing a concrete parapet wall on
the existing breakwater. Mdifications to the proposed east and west
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breakwaters consisted of changes in the crest elevation, alignnents, breakwater
heads, cross sections of the structures, and the |engths. In addition, wave
hei ght tests were conducted for nine test plans which entailed the installation
of 1gloo absorber units at various locations in the slip areas and as alterna-
tives to the originally proposed rubble-nound breakwaters. (These tests were
conducted for N ppon Tetrapod Co., Ltd., after conmpletion of the Corps spon-
sored investigation.) \Wave heights obtained for the originally proposed plan
of inprovenent exceeded the established criteria (a maximum of 2.0 feet in the
turning basin and 1.0 foot in the mooring area) for test waves fromall test
directions. (hservations revealed this was due to overtopping of the existing
north breakwater (adjacent the harbor) and overtopping of and transnission
through the proposed east and west breakwaters. After nany alternatives were
tested, it was determned that the installation of the concrete parapet wall
on the existing north breakwater (adjacent to the harbor) and the nodification
of the new east and west breakwaters by raising and/or sealing (installing an
i npervious center) the structures were optinum with respect to econom cs and
wave protection. Also, the removal of 185 feet from the shore end of the west
breakwater increased circulation (which should aid in harbor flushing) without
increasing wave heights in the proposed harbor. The recomended i nprovenent
plan is shown in Figures A-10 and A-11. This plan resulted in wave heights at

v
. -
et A el - - -
- 2 ST T
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Figure A-10. \Wave patterns, current patterns, and current magnitudes (fps)
for the recommended inprovement plan, Port Washington nodel .
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Figure A-11. Coser view of recomended inprovenent plan,
Port Washington Harbor nodel.

the coal wharf conparable to those obtained for existing conditions; and wave
heights along the center line of the slips were, in general, reduced for the
recommended plan. Test results with the Igloo wave absorber units placed in
and around the slip areas of the existing harbor revealed significantly reduced
wave heights in those slips. However, using these units as alternatives to the
east and west breakwater revealed that they were not stable in that they re-
quired some sort of backing. Construction of the reconmended inprovement plan
in the prototype was conpleted in 1980 (Figure A-12), and subsequent storns
have tested its adequacy. According to the Ozaukee Press (1980) the new small -
boat harbor passed with flying colors. The newspaper termed the new harbor as
"an oasis of calmassaulted ineffectually by rough seas on three sides." The
ol der portions of the harbor were roiled by waves driven by strong onshore
winds, the article said.

A-8. Harbors Built Inland with an Entrance Through the Shoreline. Small-boat
harbors of this type are constructed al ong the ocean coasts and the G eat

Lakes' shorelines. M ssion Bay Harbor, California, |located on the Pacific
Coast, and Little Lake Harbor, Mchigan, situated on Lake Superior, are typical
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exanmpl es of small-craft harbors under this classification and are discussed
bel ow.

a. Mssion Bay Harbor, California (Curren 1982).

(1) The Prototype. M ssion Bay Harbor is located on the coast of south-
ern California about 10 miles north of the entrance to San Diego Bay (Figure
A-13). The coastline is characterized by gently sloping underwater contours

SAN CATALINA IS.

GULF OF
SANTA CATALINA

SAN CLEMENTE IS.
SAN DIEGO

PROJECT LOCATION

PAC/IFIC OCEAN

Figure A-13. Project location, Mssion Bay Harbor, California.

and sandy beaches. The harbor entrance is protected by two jetties (designated
north jetty and mddle jetty) extending approximtely 3,800 and 4,600 feet into
the bay, respectively. Adjacent to the mddle jetty is the San Diego River

Fl ood Control Channel which is bounded on the south by the south jetty (Figure
A-14). The bay has an effective area of 2,000acres of navigable water and an
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Figure A-14. Entrance to Mssion Bay Harbor and view of San Diego River
Fl ood Control Channel.

equal area of |and. It is essentially a shallowdraft harbor consisting en-
tirely of recreational and sport-fishing craft.

(2) The Problem There are basically three problens or potential prob-
| ems being experienced. They are as follows:

(a) Short-Period Waves. Short-period (less than 20 seconds) waves are
breaking in the entrance channel creating hazardous navigation and excessive
wave energy in Quivira and Mariners Basins.

(b) Long-Period Waves. Long-period (30-130 seconds) waves are creating
oscillations in Quivira and Mariners Basins which excite the floating dock
system causing damage to boats and docks, and revetnents.

(c) River Shoaling. The mouth of the San Diego River Flood Control Chan-
nel is usually blocked by a sand plug (Figure A-14). Normal river flows are
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too small to keep a channel open. However, the presence of the plug may be
potentially dangerous during a flood. It is uncertain whether the sandpl ug
will wash out rapidly during a flood, or whether the plug will cause a backup
of water, resulting in upstream flooding.

(3) The Mddel and Test Conditions. A physical npdel investigation was
conducted to evaluate the effect of an offshore breakwater on both |long and
short period wave energy entering the harbor and to evaluate various plans for
flood control. The Mssion Bay Harbor Mdel (Figure A-15) was constructed to
an undistorted linear scale of 1:100, nodel to prototype. Mddel test waves
are shown in Table A-3.

TABLE A-3

Test Waves Used in the Mssion Bay Harbor Mbdel
(National Marine Consultants, 1960, MNarine Advisors, 1961)

Sel ected Test Wve
Deepwat er Shal | ow Wt er Peri od Hei ght

Direction Direction sec (ft)

NW(310°) 295° 7

6

6
11 6
13 6,
15 6
17 6
19 6

W(270°) 267° 7

6

6
11 6
13 6,
15 6
17 6
19 6

SW(220°) 234° 7

6

6
11 6
13 6,
15 6
17 6
19 6
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Still water levels (swl) selected for use during nodel testing were 0.0 feet,
mlw (mean lower low water), +5.4 feet, nhhw (nmean hi gher high water), and
+2.7 feet used for nmaxi mum steady-state ebb and flood tidal flows. A water-
circulating systemwas used in the nodel to reproduce to scal e maxi num st eady-
state ebb and flood tidal flows and various river flood flows. River dis-
charges of 11,000-97,000 cubic feet per second were selected for testing in
the nodel. A general view of the model is shown in Figure A-16.

(4) Tests and Results -- The Harbor.

(a) Existing conditions. Prior to tests of various inprovenent plans,
conpr ehensive tests were performed for existing conditions to determ ne wave
and current conditions inside the harbor and current and shoaling conditions
outside the harbor. Existing conditions were characterized by strong | ong-
shore currents which are redirected seaward by the north and nmiddle jetties
for moderate to large wave conditions. In general, clockw se eddies form
north of the north jetty and counterclockw se eddies formsouth of the nmiddle
jetty. No shoaling of the harbor entrance was observed. Wave heights in the
entrance channel were frequently excessive but were |argely dissipated upon
reaching the small boat basins. Long-period wave tests reveal ed substanti al

- T2 TN
- P

Figure A-16. Ceneral view of nodel, Mssion Bay Harbor.
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oscillations in the entrance channel and the snall-boat basins for a nunber of
i nci dent wave peri ods.

(b) Inprovenment Plans. Tests were conducted for 30 inprovenent plans
usi ng various offshore breakwater designs (i.e., changes in the lengths, crest
el evations, positions, and porosity of the structure). The original offshore
breakwat er plan for wave protection at M ssion Bay Harbor was ineffective in

reduci ng wave heights within the bay to an acceptable level. Mving the break-
water into shallower water decreased wave heights in the entrance channel to a
more acceptable level, but the wave height criterion still was exceeded. It

was apparent that excessive wave energy was being transmtted through the voids
of the breakwater and by sealing the core of the offshore breakwater, this wave
energy was largely elimnated. O the plans tested, Plan 3G (a 1, 600-foot-1|ong
breakwater at a crest elevation of 17.5 feet) provided the nost effective re-
duction of wave energy with the |east volume of rock required for construction
(a reduction of 50 percent when conpared with the originally proposed struc-
ture). This plan was effective, even under the npbst extreme conditions (i.e.
removal of all revetment within the bay and an increase in swl to +7.6 feet.
This plan al so considerably reduced |ong-period waves (generally 50 percent or
more) in the channel and basins. No significant shoaling of the harbor en-
trance was noted (Figure A-17).

;gvﬁ.,
T ey S, A

e o d e
- g /g
g . -~ i -,
- -
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Tt

Figure A-17. Typical tracer novenent for Plan 3G M ssion Bay Harbor
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(5) Tests and Results -- The River.

(a) Existing Conditions. Prior to tests of various inprovenent plans,
conprehensive tests were conducted for existing conditions to deternmine the
mechani sms by which sand is shoaling the river mouth and its effect on river
flood flows. The river channel at project depth is prone to severe shoaling
for waves from any direction, but particularly for waves from the southwest.
The river channel at project depth is also quite capable of discharging the
maxi mum flood flow tested (97,000 cfs) without causing flooding upstream
Tests of the river channel with a +l O-foot-elevation sediment plug, representa-
tive of that presently blocking the river mouth, indicated a flooding hazard
for the 49,000-cfs and 97,000-cfs river flows. Blowout tests al so indicated
potential shoaling of the south entrance to the bay (Figure A-18).

Figure A-18. Deposits at the entrance to M ssion Bay Harbor as a
result of blowout tests.
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(b) Inprovenent Plans. Tests were conducted for 29 inprovenent plans
using various south jetty extensions, weirs, and spur jetties. Non-structural
measures included incremental sedinent plug renoval s, el evation changes and
pilot channels A reduction of the elevation of the sediment plug to +6 feet
reduced the flooding hazard. However, this plan would be difficult to main-
tain. Renpval of sections of the sand plug by dredging proved quite effective
in reducing the flood hazard. Again, this plan my be difficult to maintain.
Tests conducted with a weir built into the mddle jetty for a +10 feet eleva-
tion sand plug showed significantly reduced water surface elevations. O the
pl ans tested to prevent the formation of the sand plug, a 2,373-foot-I|ong
jetty extension was effective in preventing all wave-induced river shoaling.
However, because of the length of structure required, this plan would be quite
expensi ve. A 1,273-foot-long jetty extension would elimnate channel shoaling
by nearshore material. Al plans involving a pilot channel cut into the sand
plug worked well in preventing river flooding. A 400-foot-long spur jetty was
the optinum plan tested for preventing shoaling of the south entrance to the
bay during flood conditions (Figure A-19). The optimum inprovenent plan recom
mended at M ssion Bay Harbor, considering wave action, shoaling, and flood con-
trol, is shown in Figure A-20.

Figure A-19. Deposits at the entrance with the 400-foot-|ong diversion
channel installed, Mssion Bay Harbor nodel.
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Fi gure A-20.

| mprovenent plan recommended for M ssion Bay Harbor.
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h. Little Lake Harbor, M chigan (Seabergh and MCoy 1982).

(1) The Prototype. Little Lake Harbor is a harbor of refuge |ocated on
Lake Superior (Figure A-21) about 21 miles west of Wiitefish Point and 30 mles

east of Gand Marais, Mchigan. The harbor is an inportant link in a chain of
harbors along the south coast of Lake Superior which provide refuge fromstorns
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Figure A-21. Little Lake Harbor, M chigan.
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for light-draft vessels. Originally, no permanent channel connected Little
Lake with Lake Superior. Longshore sand novenent usually closed off comunica-
tion between the two bodies of water, except when sufficient rainfall raised
the water in Little Lake to cause a breach in the spit. The original project
(constructed between May 1962 and June 1964) consisted of two rubbl emound
breakwaters, wth the end of each term nated by steel sheet-pile cells to pro-
vide a safe and clearly defined entrance.

(2) The Problem  Severe shoaling occurs in the Little Lake Harbor en-
trance channel and required dredging has averaged 33,800 cubic yards per year.
Al information indicates heavy shoaling on the eastern side of the channel
between the two breakwaters. This heavy shoaling makes navigation to the pro-
tective harbor difficult, if not dangerous, even during relatively good
weat her conditions. Figure A-22 shows a fill and scour map for July 1979 to
Novernber 1979, indicating fill over nine feet in the entrance channel. The
sedi ment entering the channel at the east jetty location can presunably be
derived from both upcoast and downcoast sources. Sediments mgrating from west
to east around the west jetty structure under the influence of wave and w nd
generated currents, can nove shoreward and becone caught in a clockw se gyre

LITTLE LAKE
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FILL
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Figure A-22. Fill and scour at entrance to Little Lake Harbor, M chigan
(July 1979 - Novenber 1979).
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in the lee of the west breakwater. This gyre has been observed during field
work, and, combined with the action of refracted and diffracted waves, is able
to nove sedinents toward the channel and cause shoaling. Also, any sedinents
whi ch have been brought fromeast to west toward the entrance channel can be
noved into the channel at this time, even though wave conditions are occurring
fromthe westerly directions. \Wen waves occur from the north to northeast
there appears to be a direct path of transport along the coast and into the
channel, wth an abundant supply of sand being derived fromthe sand cliffs
that, historically, have been eroding onto the beaches east of the harbor en-
trance.  Sediment transport through the west breakwater also has been noted

whi ch can cause nminor shoaling on the west side of the channel. Another aspect
of the dynamcs of the Little Lake Harbor area relates to the occurrence of
seiche activity in Lake Superior and the generation of currents through the
Little Lake Harbor entrance channel and bay. Seiche currents of up to 5 fps
can occur and influence sediment nmoverment in the area by augmenting the gyre
circulation patterns.

(3) The Model, Prototype Data, and Test Conditions. The Little Lake Har-
bor nodel was constructed in a concrete basin 150 feet long by 120 feet wide
by 2 feet deep to a 1:75 (undistorted) scale. About one mile of beachline
bot h upcoast and downcoast of the harbor was nodel ed, as seen in Figure A-23.
Prototype water |evel gages were installed in the sheltered bay and in the
open lake to evaluate seiche activity. Fromthese data it was determ ned that
the nost frequent seiche period was about 0.5 hour, which coincided with the
resonant Helnmholtz period. This type of oscillation is characterized by the
bay level rising uniformy, with the inlet channel water mass and the rise and
fall of the bay acting together as a spring-nmass system  \Waves selected for
testing for the base conditions are shown in Table A-4.

(4) Tests and Results. Testing performed for the nodel study primrily
involved tracer tests, in which sediment tracer material (crushed coal) was
injected into the surf and nearshore zones in the vicinity of the harbor for a
given wave condition. Each test was run for a sufficient length of time to
al l ow tracer novenment and deposition patterns to devel op, and a photograph
then was taken to illustrate test results. Also for given wave conditions, a
pattern of nmovement of the water mass in the nearshore zone adjacent to the
harbor was determned using dye. Point velocities at selected |ocations were
measured by timng the novenent of a patch of dye over a known distance, and
wave heights were nmeasured at sel ected locations for various wave conditions.
For sonme tracer tests, seiche oscillations were reproduced in addition to the
wave field. Also, seich oscillations were reproduced and velocity neasure-
ments were made with current nmeters in the entrance channel region. Surface
current photographs al so were obtained during seiche reproduction by making a
4-sec time exposure of the water surface covered with Styrofoam floats. The
testing program followed this sequence: base tests, using existing 1979 condi-
tions with the channel dredged; initial plan testing, in which five proposed
pl ans were exam ned; additional plan testing, in which plans were refined
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Figure A-23. Mdel layout, Little Lake Harbor, M chigan.
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TABLE A-4
Test Waves Used in the Little Harbor Mbdel
(Resio and Vincent,
Test \Wave
Deepwat er Shal | ow Wt er Peri od Hei ght
Wave Direction Wave Test Direction (sec) (ft)
46.5 40 5 4
I 10
9 16
I 5 10
9 8, 16
0 359 5 4, 7
I 12
9 10, 21
330 330 5 4, 7
I 6, 12
9 10, 21
301 304 5 4, 7
I 5, 10
9 8, 17
272 278 5 4, 7
I 5, 10
9 8, 17
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based on what was learned fromthe initial plan testing; and final plan test-
ing, where the final plan was exam ned conprehensively for additional test
conditions. Base tests indicated the mechani sns by which the channel shoal ed
with sediment noving into the channel along the short east breakwater (Figure
A-24) regardless of direction. A variety of plans were examned, with the best

. . o

Figure A-24. Tracer deposits in the Little Lake Harbor nodel
for base tests.

plan seen in Figure A-25. This plan provided for good natural bypassing of
sediments for larger wave conditions. The gap between the new east structure
and the shore should eventually close with a natural accunul ation of sand and
was seen to do so in nodel tests (Figure A-26).

A-9. Harbors Built Inside a River/Stream Muth. Numerous rivers and streams
enpty into the oceans and Great Lakes. Many of-these locations are used as
smal | -boat harbor sites. Rogue River Harbor, Oegon, situated on the Pacific
coast, and Cattaraugus Creek Harbor, New York, |located on Lake Erie, were

sel ected as representative harbors under this classification and are di scussed
bel ow.
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Figure A-26.

Nat ur al
east structure and shore,

accunul ation of sand closing gap between the new
Little Lake Harbor nodel.
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a. Rogue River Harbor, Oegon (Bottin 1982).

(1) The Prototype. The Rogue River originates in the Cascade Muntain
Range and flows generally westerly entering the Pacific Ocean on the O egon
coast approximately 30 miles north of the California border (Figure A-27).
The river is about 180 miles long and drains an area of approximtely 5,100
square mles (CTH 1970). The principal commnities at the nouth are Gold
Beach and \Wedderburn, located on the south and north banks, respectively.
These areas are devel oped for resort and recreational usage. Prior to im
provements, the river channel at the nouth neandered between two sand spits
and was seldom | ess than 200-feet wide at |ow water. Controlling depths over
the entrance bar ranged fromtw feet in late sunmer to nine feet in winter.
The River and Harbor Act of 1954 provided for the construction of parallel
jetties spaced approxinately 1000 feet apart at the nouth of the river. In
1971 and 1972, the Port of Gold Beach constructed a breakwater that extended
froma point on the south bank (about 1000 feet above the U S. 101 H ghway
bridge) downstream to the south jetty. A gap was left in the breakwater to
provi de access to harbor facilities.
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o AND / n

PACIFIC
OCEAN

OREGON

SCALE

50 &) 50 100M|

# saLEM ;
/ IDAHO

. —— = - - -

N[ PROJECT LOCATION] ,

CALIFORNIA \ NEVADA

Figure A-27. Project location, Rogue River, Oregon.
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(2) The Problem Every year a persistent shoaling problem exists between
the Rogue River jetties. This shoal extends upstream along the inside of the
south jetty and across the harbor access channel (Figure A-28). This condition
makes mai ntenance dredging difficult and bl ocks navigation channels, thus re-
stricting vessel traffic between the ocean and port facilities. Rapid sumer-
time shoaling occurs (when river flows are normally low) during the peak boat-
ing and salnmon fishing seasons, causing unpredictable and hazardous entrance
conditions. Authorized channel dinensions cannot be naintained by dredging
due to the rapid shoaling rate. Annual maintenance dredging costs in excess
of $100,000 are expended with |arge backlogs of dredging to be done.

(3) The Model and Test Conditions. A physical nodel investigation was
conducted to study shoaling, wave, current, and riverflow conditions in the
| ower reaches of the Rogue River for existing conditions and proposed inprove-
ments. The Rogue River Harbor nodel (Figure A-29) was constructed to an undis-
torted linear scale of 1:100, nodel to prototype. Test waves used in the nodel
study with periods ranging from5 to 17 seconds and heights ranging from?7 to
29 feet are shown in Table A-5. A water circulating system was used to

Figure A-28. Aerial photograph of Rogue River nouth.
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TABLE A-5

Test Waves Used in the Rogue River Harbor Mdel (NMC, 1960)
(SMO, 1976) (FNWC, 1977)

Deepwat er Sel ected Test Waves
Direction Period (sec) Height (ft)*
Nor t h- nor t hwest 5 7, 12%
7 7, 12, 20%*
9 7, 12, 17, 27
11 7, 12, 19
13 7, 13, 21
15 7, 11, 17
17 7, 11
Viést 5 7, 1%+
7 7,12, 20**
9 7, 12, 23, 31
11 7, 12, 23, 31
13 7, 12, 21, 29
15 7, 12, 21, 29
17 7, 12, 17
Sout hwest 5 7, 12%*
7 7, 12, 20**
9 7, 13, 21, 27
11 7, 13, 21, 29
13 7, 13, 21, 27
15 7, 12, 17, 25
17 7, 12, 18
Sout h- sout hwest 5 7, 12%*
7 7, 12, 20**
9 1, 12, 17, 27
11 1, 12, 17, 27
13 7, 12, 21
15 7, 12, 23
17 7, 12, 18

* Wave heights shown are shall ow-water values (adjusted as a result of re-
fraction-shoaling analysis).
** Steepness limted waves.
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reproduce steady-state flows that corresponded to nmaxi mum fl ood and ebb tidal
flows or various river discharges. R ver discharges ranging from 50,000 to
350,000 cfs were reproduced in the nodel. A coal tracer material was used in
the model to qualitatively deternine the degree of shoaling at the river nouth.
Still-water levels of 0.0 foot (mlw), +1.5 feet (maximum ebb), +4.3 feet

(maxi mum flood), and +6.7 feet (mhhw) were used during nodel testing. An

aut omat ed data acquisition and control systemwas used to secure wave hei ght
data, and water-surface profiles for various river discharges were deternined
by recording el evation changes on point gages |located at various stations in
the river. A general view of the nodel is shown in Figure A-30.

(4) Tests and Results.

(a) Existing Conditions. Prior to tests of the various inprovenent
pl ans, conprehensive tests were conducted for existing conditions. \Wave-height
data, wave-induced current patterns and magni tudes, shoaling patterns, and wave
pattern photographs were obtained for representative test waves fromthe four
selected test directions. Water-surface elevations and river current vel oci -
ties also were obtained for the various river discharges. During the conduct

Figure A-30. General view of nodel, Rogue River, Oregon.
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of shoaling tests, tracer material was introduced into the nmobdel south of the
south jetty and north of the north jetty to represent sedinent from those shore-
lines, respectively. In addition, tracer was introduced seaward of the river
mouth to represent sediment washed out of the river and deposited by various
di scharges. Shoaling tests conducted for existing conditions indicated that
shoaling would occur in the |lower reaches of the river for various test waves
for each wave direction. Cenerally, material deposited in the southern por-
tion of the river adjacent to the south jetty. Under constant wave attack,
this material would congregate against the south jetty and nigrate upstream
across the entrance to the small-boat harbor (Figure A-31) forming a shoa
simlar to that of the prototype. It. was also noted that, when the shoal is
present, rough and turbulent wave conditions exist in the entrance (due to
waves breaking on the shoal) and higher than nornmal river stages and river-
current velocities may result for various discharges (since the shoal inter-
feres with the passage of flood flows). Wien the shoal is not present, in-
creased wave heights can be expected upstream of the snall-boat harbor
entrance.

(b) Inproverment Plans. Mddel tests were conducted for 58 variations in
the design elements of three basic renedial inprovement plans. Dikes in-
stalled within the existing entrance, extensions of the existing jetties, and

. v

Figure A-31. Shoal formed in the river entrance for existing
conditions, Rogue River, Oregon.

A-42



EM 1110-2-1615
25 Sep 84

an alternate harbor entrance were tested. \ave-height tests, wave-induced cur-
rent patterns and nmagnitudes, wave patterns, water-surface elevations, river
current Velocities, and/or shoaling tests were conducted for the various im
provenent plans. The first series of test plans included the installation of
dikes within the existing entrance. Both tinber-pile and rubble-mund dikes
were tested. Test results indicated shoaling of the small-boat harbor en-
trance would occur for test plans with the tinber-pile dikes installed. The
rubbl e-mound di ke configuration, however, intercepted the novement of tracer
material and prevented it from shoaling the harbor entrance. \Water-surface

el evations obtained for the dike plans indicated that river stages would in-
crease, when conpared to those for existing conditions, and potentially nay
contribute to flood problens. The installation of a weir section in the exist-
ing north jetty and a conveyance channel on the north overbank reduced river
stages upstream by less than one foot and therefore was not successful in de-
creasing water-surface profiles to desired levels. The next series of test
plans involved extensions of the existing jetties. One plan entailed extend-
ing the jetties on their original alignnent, another involved orienting the
extensions toward the west (on an azinmuth of S81°41' 30"W and still another
consi sted of orienting the extensions toward the south (on an azinmuth of
S16°23'22"W. Test results, with the extensions on the original jetty align-
ments, indicated that sediments fromthe river would forma shoal in the en-
trance adjacent to the south jetty that would extend upstream across the
smal | -boat harbor entrance sinmilar to existing conditions. Wth the test
plans involving jetty extensions oriented toward the west, sedinment fromthe
river would form shoals in the river entrance but would not extend upstream to
the small-boat basin entrance. Wth the test plans involving jetty extensions
to the south, sedinment fromthe river would result in a shoal along the south
jetty extension, extending northerly into the entrance. The shoals forned in
the river entrance for all three jetty extension plans were due to sedinent
being washed out of the river and mgrating back in, since each plan series
was nodified to provide shoaling protection from sedinent on the north and
south shorelines. The last series of test plans involved a new entrance south
of the existing river mouth. Test results indicated that this new jetty con-
figuration (Figure A-32) would provide shoaling protection for the new en-
trance from sediment on the north and south shorelines and sedinent deposited
seaward of the river entrance by various discharges. In addition, this plan
woul d provi de wave protection to the snall-craft harbor with nmaxi num wave
heights less than one foot.

b. Cattaraugus Creek Harbor, New York (Bottin and Chatham 1975)

(1) The Prototype. Cattaraugus Creek drains an area of about 580 square
mles on the south shore of Lake Erie. The creek is approximately 70 miles
long and flows generally westward, entering the |ake about 24 niles southwest
of Buffalo Harbor, New York (Figure A-33). For about 17 niles near its nouth,
t opography of the creek valley is generally flat, with a valley bottomwidth
of 1 to 2 niles. The south side of the creek borders Hanover, Chautauqua
County, New York, and the north side borders Brant, Erie County. The
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Figure A-32. \Wave patterns for the new entrance and jetty configuration
installed south of the existing river muth, Rogue River,

Oregon.
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Figure A-33. Project location, Cattaraugus Creek Harbor, New York.
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Cattaraugus Reservation of The Seneca Nation of New York Indians occupies the
entire northern side of the creek within the study area. The present harbor
enconpasses the lower 3/4 nmile of the creek where over 400 boats are perna-
nently based at |ocal marinas. The econony of the immediate area is prinarily
recreational and nost of the residences are sumer cottages. Cattaraugus
Creek attracts patrons fromwell beyond the limts of the |ocal commnities
because of its location near good recreational fishing areas in Lake Erie and
the scarcity of simlar facilities to meet the increasing demands of small -
boat owners. Proposed inprovenents at Cattaraugus Creek included dredging of
an entrance channel and interior channel in the |ower reaches of the creek to
acconodate the nmoverments of small-craft and installation of breakwaters at the
creek mouth to provide wave and shoaling protection.

(2) The Problem  Flooding occurs al nost every year along the | ower
reaches of Cattaraugus Creek during |late winter and early spring, when the
creek is swollen by nmelting snow and spring rains, and frequently results in
damages in the summer resort area of Sunset Bay, the town of Hanover, and the
sumrer resort area in the Cattaraugus Indian Reservation. This flooding is
partially due to the linmted capacity of the existing creek channel, but the
maj or contributing factor is the presence of a restrictive sand and gravel bar
at the creek nouth (Figure A-34). This bar, formed mainly by littoral drift

Figure A-34. Aerial photograph of Cattaraugus Creek nouth
prior to inprovements.
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due to wave action, at tines virtually closes the outlet and provi des a natu-
ral barrier, encouraging the formation of ice jams. These ice jams result in
significantly higher stages and damages than those caused by discharge only.
Thus, consi derabl e damages occasionally occur with only noderate creek dis-
charges. Navigational difficulties are also experienced at the nouth of the
creek due to the shallow depths and the constant shifting of the bar across
the entrance. Boats |eaving the harbor under favorable weather conditions
find it difficult and dangerous to return over the shallow bar if wave action
increases while the boats are in the open |ake. Even experienced boaters who
are famliar with the harbor frequently encounter groundi ngs, which damage
propel lers, shafts, and rudders of the boats involved. At the end of the peak
navi gation season, when |ake levels are normally low, the outlet is al npst
conpletely closed to navigation. In sunmary, inprovenments are needed at the
entrance and | ower reaches of the creek to stabilize the nmouth, to provide
adequat e channel capacity for passage of flood flows and ice, to provide ade-
quat e depths throughout the navigation season for use of small craft, and to
provi de wave protection for boats npored in the harbor

(3) The Model and Test Conditions. A physical nodel investigation was
conducted to study shoaling, wave action, flood and ice flow conditions at the
har bor entrance and | ower reaches of the creek for existing conditions, and
proposed inprovenent plans. The Cattaraugus Creek Harbor Mdel (Figure A 35)
was constructed to an undistorted linear scale of 1:75, npbdel to prototype.
Test waves used during nodel operation with periods ranging from6 to 9 sec-
onds and heights ranging from4 to 14 feet are shown in Table A-6. A water
circulating systemwas used to reproduce steady-state flows through the creek
channel and outer harbor area that corresponded to prototype discharges rang-
ing from 5,000 to 57,900 cfs. Crushed coal and granul ated nylon nmaterials
were used in the nodel to qualitatively determ ne the degree of shoaling at
the creek nouth, and a | owdensity pol yethyl ene sheet material (recommended by
the Col d Regions Research and Engi neering Laboratory, Corps of Engineers) was
used to similate ice in the nodel. Still-water levels of +3.0 and +6.8 feet
were used during nodel testing. An automated data acquisition and control sys-
temwas used to secure wave heights and water-surface el evations at sel ected
locations in the nodel. A general view of the model is shown in Figure A-36.

(4) Tests and Results.

(a) Existing Conditions and Base Test. Prior to tests of various im
provenent plans, conprehensive tests were conducted for existing conditions
and a base test. The base test entailed the proposed dredged channels with no
breakwat ers and was used as a base to evaluate the effectiveness of the vari-
ous breakwater configurations. Existing conditions were sinulated by filling
t he dredged channel with sand in the entrance and | ower reaches of the creek
Shoal ing patterns and ice flows were obtained for existing conditions, while
wave height data, and wave-induced current patterns and magnitudes, water-
surface elevations, and creek current velocities were secured for base test
for representative test conditions. Shoaling tests conducted for existing
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Figure A-35. Mdel layout, Cattaraugus Creek, New York.
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TABLE A-4
Test Waves Used in the Cattaraugus Creek Harbor Model
(Saville 1953, Bretschneider 1970)
Deepwat er Shal | ow wat er Selected Test Waves
Direction Direction Period (sec) Hei ght (ft)*
Nor t hwest N 40° W 6 5
6 9
Vst N 79° W 6 7
6 14
9 7
9 14
* %
West - sout hwest " 6 4

o
W

Wave hei ghts shown are shal | owwater values (adjusted as a result of
refraction-shoaling analysis.
*% Locally generated wave.

Figure A-36. Ceneral view of nodel, Cattaraugus Creek, New York.
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conditions resulted in spits formng across the creek mouth. Vvarious creek

di scharges shifted these spits |akeward. Results of these tests generally indi-
cated that the nodel accurately reproduced the sedinent patterns observed in
the prototype. For existing conditions, sinulated ice material was placed in
the | ower reaches of the creek upstreamof the spit across the river entrance
and subjected to creek discharges of 5,000 and 10, 000 cfs. lce jans formed at
the nouth for each discharge and overbank fl oodi ng was observed. The 10, 000-
cfs discharge eventually eroded the spit and the ice material nmoved into the
lake. Wave height data obtained for base test (no breakwaters) reveal ed that
protection fromstormwaves is required for snall boats noored in the creek
during high lake levels. Wave heights exceeded the established wave- hei ght
criteria of 2.5 feet at the creek mouth and 0.5 feet in the | ower reaches of

t he creek

(b) Inprovement Plans. Mbdel tests were conducted for nine variations
in the design elements of two basic breakwater configurations. The first break-
wat er configuration (initially proposed inproverent plan) consisted of a navi-
gation opening and entrance channel oriented toward the west, and the second
configuration entailed a navigation opening and entrance channel oriented
toward the northeast. Variations involved changes in the |lengths and align-
nments of the structures and the type of structures used. Test results for the
breakwat er configuration oriented toward the west reveal ed favorabl e wave con-
ditions in the harbor; however, tracer tests resulted in sedinent deposits in
the entrance for test waves fromall directions. For all the inprovenent
plans, tracer material was introduced into the nodel east and west of the
breakwaters to represent sedinment fromthose shorelines, respectively, and
| akeward of the entrance to represent sedinent deposits fromthe creek for a
10, 000-cfs discharge. Since the predominant direction of littoral drift at
and near the nouth of Cattaraugus Creek was from southwest to northeast, the
initially proposed breakwater configuration (entrance oriented toward the west)
was not considered feasible and was abandoned. Modifications were made to the
second breakwater configuration (entrance oriented toward the northeast) unti
a plan was devel oped that provided optinum shoaling protection at the entrance
channel as well as wave protection at the creek nouth and | ower reaches of the
creek. Al the inprovenent plans tested, to this point, involved the use of
sheet-pile (including cellular sheet-pile) structures. Considerable wave
energy was observed reflecting off these structures, which could possibly stim
ulate erosion in the breakwater vicinity and affect navigation of small boats
entering and leaving the harbor. Therefore, the sheet-pile structures for the
nost pronmising inprovenent plan tested were replaced with rubbl e-nmound break-
waters.  The rubbl e-nound breakwater plan reduced reflections in the inmrediate
vicinity. It also provided slightly nore wave protection to the creek nouth
and | ower reaches of the creek, and conparable shoaling protection at the en-
trance, when conpared to the sheet-pile plan. The rubble-nound breakwater was
nore effective for the passage of flood flows, since sone flow escaped through
the voids of the structures. Tracer deposits for test waves from west-
sout hwest are shown in Figure A-37 for this breakwater plan. lce flow tests
indicated no ice jaming tendencies at the entrance. A contract was awarded
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Figure A-37. Tracer deposits for the recomrended inprovenent plan,
Cattaraugus Creek, New York.
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early in 1982 for for construction of inprovenents in the prototype at the
mouth of Cattaraugus Creek, New York. |nprovements constructed in the proto-
type (Figure A-38) were sinilar to those recomended by the hydraulic nodel
i nvesti gation.

Figure A-38. Aerial photograph of Cattaraugus Creek mouth
after inprovenents.

A-10. Entrance/lnlet Strudies. Nunerous small-craft harbors are located in
inlet |agoons along the ocean coasts. Studies are frequently conducted to re-
duce navigational difficulties, shoaling, shoreline erosion, cross-currents,
etc., at the entrance and to stabilize the inlet openings. Newburyport Harbor,
Massachusetts, and Mirrells Inlet, South Carolina, were selected as representa-
tive of this classification and are discussed bel ow

a. Newburyport Harbor, Massachusetts (Curren and Chat ham 1979).

(1) The Prototype. Newburyport Harbor is located on the coast of Massa-
chusetts, about 54 miles by water north of Boston and 20 niles southwest of
Portsmouth, New Hanmpshire (Figure A-39). Newburyport Harbor was constructed
during the period July 1881-Cctober 1914. The city of Newburyport is the
princi pal business center for several nearby towns and the summer resorts of
Plum Island and Salisbury Beach, which are situated on the south and north
sides, respectively, of the entrance to Newburyport Harbor.
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Figure A-39. Project location, Newburyport Harbor, Mssachusetts.

(2) The Problem Between 19 and 27 February 1969, three |arge storms
entered the Merrimack Enbaynment and caused irreparabl e damage to the riverbank
inside the south jetty. \aves overtopping the north jetty eroded approximtely
260 feet of sand fromthe front of the U S, Coast Guard Station |ocated there;
the resulting loss of sand totaled about 1,080,000 cubic yards. |n an attenpt
to halt the erosion process, a revetnent was installed in front of the Coast
Quard Station. The effect of this revetnent was a transfer of the problem

upriver.

(3) The Mvdel and Test Conditions. A physical nodel investigation was
conducted to determine the nechanisns by which sand is being lost fromthe
riverbank inside the south jetty, and to evaluate the effects of various im

provenent plans with respect to shoaling, riverbank erosion, wave conditions,
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and construction costs. The Newburyport Harbor nodel (Figure A-40) was con-
structed to an undistorted linear scale of 1:75 nodel to prototype. Mbdel
test waves ranging from 7-13 seconds and 4-18 feet shown in Table A7 were

used during nodel operation. Still-water levels (swl) were selected to
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Figure A-40. Mdel layout, Newburyport Harbor.
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TABLE A-7
Test Waves Used in the Newburyport Harbor Mdel (NOA)
(NOAA, 1976)
Sel ected Shal | ow Wt er Sel ected Test Wave
Deepwat er Wave Test Direction Peri od Hei ght
Wave Direction (deq) sec (ft)
NE( 39. 5°) 51 7 5 8 11
11 6, 9, 15
15 11
E(89.5°) 90 7 4, 8, 12
11 7, 11, 14, 18
SE(139.5°) 122 6 4, 8, 12
9 4, 8, 12
13 6

correspond with maxi num steady state ebb and flood tidal velocities. From pro-
totype data, maximum ebb current velocities occurred at a swi of 0.0 nsl (nmean
sea level). Mximumflood velocities occurred at a swl of +2.9 feet. Al so
selected for testing was a slack water condition at a swl of +5.3 feet nhw
(mean high water). A water circulating systemwas used in the nodel to repro-
duce these ebb and flood tidal flows and an automated data acquisition and con-
trol system (ADACS) was utilized to secure wave height data. A quantity of
crushed coal tracer was used to determine qualitatively the novenment of sedi-
ments. A general view of the npodel is shown in Figure A-41.

(4) Tests and Results.

(a) Existing Conditions. Prior to tests of various inprovenment plans,
conprehensive tests were perforned for existing conditions to determ ne wave
and current conditions and tracer patterns. Test results indicated, for noder-
ate to large incident waves, turbulent wave conditions in the entrance channe
and strong | ongshore currents in the area between the south jetty and Pl um
Island Point, resulting in continued northeasterly novenent of tracer materia
along the eroding portion of Plumlsland (Figure A-42).

(b) Inprovenent Plans. \Wave heights, current patterns and magnitudes
and tracer tests were conducted for 13 inprovement plan variations. These
vari ations consisted of changes in the length of the north jetty, changes in
the crown elevation of the north jetty, and the installation of groins at two
| ocations. Raising the elevation of the existing north jetty to +11.0 feet
i nproved entrance wave conditions by preventing overtopping of the jetty by

A-54



EM 1110- 2- 1615
25 Sep 84

Figure A-41. Ceneral view of nodel, Newburyport Harbor.

Figure A-42. Typical tracer novenent for existing conditions,
Newbur yport Har bor.
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storm waves. This not only decreased the nagnitude of the waves but also the
turbul ence created by overtopping waves interacting with waves traveling
through the entrance. The installation of the groin fromthe area of Plum
I'sland experiencing erosion, effectively prevented any further erosion from
occurring for all wave and tidal flow conditions. In fact, for many cases,
the groin actually accreted material. O the plans tested, Plan 3A (Figure
A-43) offers adequate erosion protection while inproving entrance wave condi -
tions and appears to be the optinmumplan with regard to protection provided
and cost.

Figure A-43. Reconmended inprovement plan, Newburyport Harbor,
Massachusetts.

h. Mirrells Inlet, South Carolina (Perry, Seabergh, and Lane 1978).

(1) The Prototype. Mirrells Inlet was an uninproved inlet through the
beachl i ne of South Carolina about 19 niles northeast of the city of George-
town, South Carolina, and 13 mles southwest of Mrtle Beach, South Carolina.
The inlet provides access to a well-nixed tidal |agoon of ocean salinity that
has no source of freshwater inflow other than local surface runoff. The inlet
mai ntains its existence due to tidal current generated by the ocean tidal
hei ght variation (nean ocean tide range is 4.8 feet) which generates ebb and
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flood currents that transport a tidal prismof 253 nmillion cubic feet flow ng
through the inlet during a tidal cycle of 12.42 hours. In opposition to the
tidal currents that tend to maintain an open inlet are littoral currents
generated by waves carrying sand along the shoreline into the vicinity of the
inlet, causing the formation of shallow regions of sand shoals. The inlet is
used extensively by charter fishing craft, private boats, and comercial fish-
ing vessels. Also the inlet and | agoon are environnentally inportant as a
habitat and nursery for nany varieties of marine life

(2) The Problem  Unstabilized inlets, such as Mirrells Inlet, can nmi-
grate along the coastline. COver about the last 100 years the inlet has varied
in location by as nuch as 7000 feet. The pre-project conditions at the inlet
produced a difficult and dangerous navigational environment as the main channe
could vary in location and depth very quickly. Breaking waves on the shall ow
shoal s, conbined with the above conditions could produce very hazardous naviga-
tion as the inlet was unprotected and exposed to all Atlantic Coast waves.
Waves normally range from 2 to 4 feet, but nuch larger waves are not unusual

(3) Possible Solutions. Usually tidal inlet entrance inprovenents in-
clude the use of jetties, normally constructed of rock rubble, which attach to
the shoreline and approximately parallel to the navigation channel seaward to
the ocean contour of the depth of the design channel. There are usually a num
ber of jetty alignments which may fit a given situation. The jetties nmain pur-
pose is to prevent |ongshore sedinents fromshoaling the channel and offer pro-
tection from waves for incomng and departing vessels. Mre recently jetty
design has taken the problemof littoral drift into consideration by providing
weir sections in the jetties and sedinent traps adjacent to the weir in which
to capture the longshore drift, thus keeping the sedinment out of the channe
and also placing it in a location where it can be handl ed and avail able for
future beach nourishment. The Mirrells Inlet study provides such an exanple.

(4) The Model. A physical nodel was used to study and find the optinmm
alignment and spacing of the jetties, determi ne proper channel alignnent and
current patterns at the entrance, study effects on the tidal prism and bay
tidal elevations and velocities, and deternine wave heights in the entrance
channel and deposition basin. A distorted scal e nodel of 1:200 horizontal and
1:60 vertical scales was selected (Figure A-44). The entire lagoon was nodel ed
to permt the study of the tidal elevations and currents and the tidal prism
A distorted scale nodel nmust be verified for its tidal currents and el evati ons,
so prototype measurenents of these paraneters were required. Data were taken
at locations seen in Figure A-44 and reproduced in the nodel by the adjustnment
of roughness elements that usually are required in distorted nodels.

(5) Testing. After tidal verification, nunerous jetty plans were in-
stalled in the nodel for testing. The prelinminary testing consisted of neasur-
ing wave heights at a variety of locations in the entrance channel and inner
channel s for various test waves at various stages of the tidal cycle, neasuring
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tidal elevations at the various verified |ocations for the entire tidal cycle,
and taking surface current photographs at the entrance throughout the tida
cycle. Examination of these prelimnary data pernmitted reducing the nunber

of plans which would be subnmitted to nore testing that included detailed cur-
rent measurenment and wave height neasurenments. Further refinenents could then
be made in the design. For exanple Plan 1B (Figure A-45) was selected for
further testing and gradually evolved into Plan 1H (Figure A-46) as changes
were nmade in the widths and depths of the inner auxillary channels (which con-
nect the main navigation channel to the interior bay channels) to inmprove flow
patterns and flow admittance; the jetty spacing was reduced from 900 feet to
600 feet to provide adequate scouring currents in the channel but still main-
tain a simlar tidal prismto that of the pre-jetty conditions; the access
channel to the deposition basin was relocated; and a training dike was added
to prevent ebb currents fromentering the region of the deposition basin
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L < s00 200 . RN
PROTOTYPE S NN NGNS A \\%
2 2 . . .
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Figure A-45. Typical plan of inprovenent for Mirrells Inlet
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Figure A-46. Optimum inprovement plan, Mirrells Inlet,
South Carolina.

Figure A-47 shows the project which was conpleted in January 1981. The only
el enent of the plan not constructed was the training dike which may be added
at a later data if required. As can be seen, the deposition basin is filling

and to date the navigation channel has naturally naintained depths greater
than the project depth.
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Figure A-47. View of Mirrells Inlet project, as
constructed in 1981.
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